Abstract-In this communication, a systematic approach for design of planar monopole ultra-wideband (UWB; 3.1 ∼ 10.6 GHz) antenna for wireless USB dongle has been proposed. The simple planar monopole antenna consists of a rectangular metallic radiating patch whose modal analysis is carried out first by means of the Theory of Characteristic Modes (TCM), in order to identify the different radiating modes and get the physical insights of these radiating modes of the antenna. Further, based on the physical evidences obtained from the radiating modes of the similar planar monopole antenna, a bevel transition feed with rectangular slot has been used to enhance the bandwidth and obtain the desired radiation characteristics of the proposed antenna. The modal analysis is carried out using characteristic modes (CM) analysis tool in CADFEKO 7.0 simulation software. The proposed antenna exhibits a very compact dimensions of 12 mm × 16 mm × 5 mm and yields a good insights in simulated and measured impedance bandwidth of 3.1 ∼ 12 GHz with VSWR < 2. Furthermore, the proposed antenna exhibits symmetrical radiation patterns, stable-high gain and efficiency and ultra-wide bandwidth making it suitable candidate for practical UWB-USB applications.
INTRODUCTION
With the advents of wireless communication, recently antenna designing has received a significant importance. Nevertheless, antenna designing is not an easy task as antennas are subjected to very stringent specifications such as light weight, compact structure, low profile, robustness and conformability and are expected to grab as much spectrum as possible to provide multi-band or broadband operation [1, 2] . Ultra-wideband (UWB) technology is an emerging and promising solution for IEEE 802.15.3a (TG3a) standard. In particular, since 2002 when Federal Communication Commission (FCC) released the unlicensed frequency band of 3.1-10.6 GHz for commercial communication ultrawideband system, both industry and academicians have exerted tremendous efforts on the UWB technology due to its versatile applications in short range wireless communications, imaging radar, remote sensing and localization applications [3] . Several researchers through their literatures have demonstrated different design approaches for optimization of both planar and printed UWB antennas using alternative commercial softwares such as IE3D, HFSS, CST STUDIO or FEKO. Anyways, even with the help of computers, the success of the final design depends on designers previous experienceintuitions or expertise, and in most cases the final optimization is in fact made by trial and cut methods. Consequently, literatures proposing new antennas are mainly devoted to describe the antenna geometry and its radiation behaviour and few attention is paid to the physics of the problem thereby lacking physical insights in the operating principle of the antenna and thus real knowledge is mislaid [4] . An alleviate design strategy to solve this problem is based on using modal analysis and notation called Theory of Characteristic Modes (TCM). The modal analysis has been long used in electro-magnetics for the analysis of close structures such as wave-guides and cavities but the calculation of modes for real world classical problems that involve open radiating structures such as antennas and scatterers was time consuming and probably is one of the reason that the modal analysis is not used for antenna design in mid-90s. The fundamental limitations of modal analysis in antenna design was investigated by Chu in 1948 and subsequently by Harrington in 1960 while, Chu [5] postulated that, since any radiating field can be written as sum of spherical vector waves, the antenna can be enclosed in a sphere and the radiated power of the antenna is calculated from the propagating modes within the sphere and thus antenna can be considered as closed structure. A popular notion called the Characteristic Modes proposed by Garbacz corresponds with eigenvectors of a weighted eigenvalue equation and is the most common used techniques in modal analysis. With increased computational facilities and a simplified modal solution called the Theory of characteristics Modes (TCM) proposed by Harrington and Mautz in 1971, characteristic modes can be computed numerically for conducting bodies of any arbitrary shape [6] . In this communication, a systematic design approach based on the modal analysis for analysis of planar UWB monopole antenna for wireless USB dongle application is presented. A comparative study of proposed work with existing literatures is illustrated in Table 1 . 
MATHEMATICAL FORMULATION OF CHARACTERISTIC MODES
The current J on the surface S of a conducting body with the tangential incident dielectric field E i is given by:
where the subscript tan denotes the tangential components on the surface S. Physically, the term L(J) gives the electric intensity E at any point in space due to the current J on the surface S while the impressed electric field E i is negative to the tangential component of E over the surface S. This means that the operator L in Equation (1) has the dimension of impedance and can be represented as:
where the impedance operator (Z) is complex symmetrical operator given as:
Based on the approach defined by Garbacz [11] , the characteristic current modes can be obtained as the eigen functions of a particular weighted eigenvalue equation given as:
where λ n are the eigenvalues, J n are the eigenfunctions or characteristic modes and R and X are the hermitian parts (real and imaginary respectively) parts of the impedance operator Z. The characteristic modes J n defined as a set of orthogonal real currents on surface of a conducting body depends on only the its shape and size and are independent of any source or excitation. The electric fields E n and the magnetic fields H n produced by an eigencurrents J n on the surface of a conducting body S are called the characteristic fields or the eigenfields [12] corresponding to J n . The orthogonal relationship between the characteristic fields and those of characteristic currents can be given by means of complex Poynting theorem as:
The modal excitation coefficient, V i n , accounts for the way the position, magnitude and phase of the applied excitation influence the contribution of each mode to the total current J and is given by
Consequently, the product V i n J n in Equation (7) models the coupling between the excitation and the nth mode, and it determines if a particular mode is excited by the antenna feed or incident field. However, the total current in Equation (7) also depends on λ n , the eigenvalue associated to the nth characteristic current mode. Eigenvalues are of utmost importance because its magnitude gives information about the resonance frequency and radiating properties of the different current modes. Figure 1 depicts the geometry and configuration of the simple and proposed planar monopole antenna. The simple planar monopole antenna contains two metallic rectangular radiating plates of dimensions 14 × 16 mm 2 and 12 × 5 mm 2 placed orthogonally on the coplanar system ground plane of dimensions 20 × 40 mm 2 and is excited using an edge port. The proposed antenna has a bevel-slot transition feed and radiating patch of dimensions 12 × 16 × 5 mm 3 mounted on a coplanar system ground plane. The compact antenna structure makes the antenna a suitable candidate for practical wireless UWB-USB dongle applications. Foremost, the modal analysis of corresponding simple planar monopole antenna is carried out by means of Theory of Characteristic Modes to get the physical insights in the different radiating modes of the arbitrary shaped antenna geometry. Based on the physical interpretation of the characteristic modes the antenna shape is modified to get the desired radiation characteristics using following four step procedure:
ANTENNA DESIGN
1 Firstly, characteristic currents and associated characteristics fields of the radiating element are calculated. 2 Next, the resonance frequency of these modes, as well as their radiating behaviour is determined from the information provided by the corresponding eigenvalues. 3 Then, the shape and size of the radiating element is modified until the desired resonance frequency and/or the radiation characteristics are achieved. 4 Finally, studying the current distribution of modes an optimum feed configuration to excite these modes is chosen to obtain a specific radiating behaviour.
Modal Analysis of Simple Planar Monopole and Its Physical Interpretation
Here, the Characteristic Mode (CM) analysis is carried out using CADFEKO 7.0 simulation software. The magnitude of the eigenvalues λ n given in Equation (4) is related to the radiation of a mode which can be best analysed by the complex power balance yielded from orthogonal relationship between characteristic field and characteristic current ruled by the Poynting theorem in Equation (6) . In general, the eigenvalues range from −∞ to +∞ with a mode being at resonance when it's associated eigenvalue is zero. Moreover, it is evident that, smaller the magnitude of eigenvalues is, the more efficiently the mode radiates when excited. Additionally, the eigenvalues relate to the impedance matrix (Z) which is dependent on its hermitian parts (R and X). Thus, based on the sign of the hermitian operator X. i.e., +X i / − X i , the sign of eigenvalues will determine whether a mode contributes to store magnetic energy (λ n > 0) or electric energy (λ n < 0). Nevertheless, alternative representation of eigenvalue in terms of modal significance and characteristic angle can be effective. The term modal significance (MS n ) represents the normalized amplitude of the current modes [12] . This normalized amplitude of the current modes depends upon the shape and size of the conducting metallic body and does not account for any excitation and is given by equation:
The modal expansion of the current described in Equation (8) is inversely dependent upon the eigenvalues and hence it seems more logical to analyse the variation of the term rather than to analyse the variation of the isolated eigenvalue. Characteristic angle models the phase difference between a characteristic current J n and the associated characteristic field E n defined as:
Thus, a mode stores inductive energy when α n remains close to 90 • and stores capacitive energy when α n is close to 270 • while provides good radiation α n is close to 180 • . Figure 2 (e) depicts the current distribution of the first six characteristic modes J n associated to the simple planar monopole antenna. The antenna is excited using plane waves for modal analysis. Modes J 1 and J 2 are characterized by the vertical and horizontal currents respectively and are most frequently used modes in patch antenna applications while higher order modes J * 1 , J * 2 and J * * 1 are taken into consideration at higher frequencies. Mode J 3 presents a current forming closed loop over the rectangular plate. Degenerated modes J * 1 and J * * 1 , characterize the same vertical current as mode J 1 , except they have different current sources and current nulls while mode J * 2 is degenerated horizontal current mode with characteristics same as mode J 2 [13] . Figure 2(b) presents the variation of characteristic angle α n with frequency associated to current modes of simple planar monopole antenna. As stated earlier, a mode is said to be at resonance when its associated eigenvalue λ n = 0 or characteristic angle α n = 180 • . As observed from Figures 2(a)-(b) , modes J 1 resonates at 1.8 GHz while stores inductive energy over other frequencies after achieving resonance. Mode J 2 resonates at 8.9 GHz while mode J 3 that forms a closed loop current is a special non resonant mode with inductive contribution over the operational frequencies. Degenerated vertical current modes J * 1 and J * * 1 resonate at 3.5 GHz and 5.6 GHz respectively and remain close to α n = 180 • after resonance. The modal excitation coefficient determines if a particular mode is excited by an optimum feeding configuration. Figure 2(d) shows the variation of modal weighting coefficient with frequency associated to the current modes of the simple planar monopole antenna. As depicted from Figure 2(d) , only three modes, namely the vertical current mode J 1 and its degenerated vertical higher order modes J * 1 and J * * 1 are excited upon using the optimum feed configuration. Mode J 1 dominates at lower edge frequency and has significant ascendency over the entire frequency range while higher order modes J * 1 and J * * 1 have significant contribution over higher edge frequency. Modes J 2 , J * 2 and J 3 do not contribute towards radiation because the closed loop current mode J 3 does not achieve resonance over the desired frequency range while the fields produced by the horizontal current modes J 2 and J * 2 principally remain confined between the antenna and the system ground plane since the separation gap between the radiating patch and the ground plane is electrically small with respect to the operating wavelength of the antenna under consideration [14] . In order to determine how much a mode contributes to the total radiating bandwidth, the input admittance of the antenna is studied. For a voltage excitation of 1V , the input admittance of the antenna Y in is equal to the current J sampled at feed point A of the antenna is given as:
Similarly, the complex input admittance (Y in ) can be expressed as sum of complex Eigen admittances, or modal admittances (Y n ) as follows:
Figure 2(f) shows the contribution of Modal Admittance Y n of modes to the total input admittance Y in . As observed from Figure 2 (f) only modes J * 1 , J * 2 and J * * 1 contribute to the real part of the input admittance, and hence towards the radiation. The rest modes yet excited do not radiate and store energy. An examination of imaginary part of the input admittance shows that mode J 1 dominates at the lowest frequency and is responsible for resonance at 1.8 GHz (point A ) while resonance at 3.5 GHz is due to mode J * 1 (point B ) and resonance at 5.5 GHz is due to mode J * * 1 (point C ). Figure 2 (g) shows the contribution of VSWR of the modes to the total VSWR and the conclusions carried out can be endorsed. As stated earlier, the total VSWR has resonances at 1.8 GHz, 3.5 GHz and 5.5 GHz due to interaction of mode J 1 (point A), J * 1 (point B) and J * * 1 (point C) respectively.
Design of Planar UWB Monopole Antenna
As stated earlier, mode J 1 dominates the radiation characteristic over the entire frequency band and mainly stores inductive energy after achieving resonance. To achieve the desired radiation characteristics, the shape and size of the simple planar monopole antenna needs to be modified. Furthermore, to nullify the inductive effect of mode J 1 an equivalent capacitive loaded structure in the form of bevel slot transition feed have been used for optimization of the proposed UWB planar monopole antenna. Figure 3(a) shows the variation of characteristic angle with frequency associated to the characteristic modes of the proposed antenna. As depicted in Figure 3(a) , the dominant vertical mode of the proposed antenna upon achieving resonance stays close to the characteristic angle α n = 180 • thereby nullifying the inductive storing effect. This is because the bevel transition feed acts as a variable capacitor with air as a dielectric sandwiched between metal feed on one side and metal system ground plane on the other side. Moreover, the bevel feed has altered the separation gap between the antenna and (a) (b) system ground plane which in return has altered the behaviour of horizontal current modes mode J 2 and J * 2 thus improving their contribution towards radiation. It is noteworthy mentioning that the current distribution associated to the proposed antenna has not significantly altered and hence not mentioned herewith. Figure 3(b) shows the contribution of modal VSWR of the associated characteristic modes to the total VSWR. However, the total VSWR at any desired frequency is dependent on the contribution of the individual modal VSWR of all the modes. The bevel transition feed allows the upper and lower limit of the bandwidth to be modified by changing the bevel cut and antennas bandwidth ratio can change between the upper and lower limits of 1.33:1 (VSWR < 2) for the initial simple planar monopole, to 3.66:1 for the proposed antenna design. The slot in the feeding structure lengthens the current path along the perimeter and has great influence on the impedance matching at the higher edge frequency. In fact, the slots are critical for the implementing the wideband operation of the proposed antenna. Figures 4(a)-(b) investigates the variation of bevel angle (b) and slot length (l) on the impedance bandwidth. Figure 5 depicts the VSWR at different stages during evolution of the proposed antenna along with the CAD prototype of the proposed antenna. The proposed antenna is then designed on a FR4 substrate with dielectric constant r = 4.4, tan δ = 0.02 and thickness 1.6 mm. Since there is no ground plane below the radiating antenna structure, the dielectric substrate properties would not significantly alter the performance of the proposed antenna. 
RESULTS AND DISCUSSIONS
The proposed antenna is fabricated using a 0.1 mm thick copper plate using wire EDM CAD technology. The impedance bandwidth is measured using an AGILENT FIELDFOX N9916A Vector Network Analyzer (VNA) in an open area test site. Figure 6 shows the simulated VSWR of the proposed UWB-USB dongle antenna. The measured VSWR reasonably agrees with the simulated results with an acceptable frequency discrepancy which may have arisen due to manufacturing tolerances, SMA connector losses and the difference between the simulated and measured environments. The proposed antenna is further simulated using Ansys HFSS commercial EM simulator to validate the results. The proposed antenna operates over the entire UWB frequency band (3.1-10.6 GHz) providing multiband operation at Wi-MAX (3.3-3.7 GHz), C-band satellite downlink (3.7 GHz-4.2 GHz), WLAN (5.15-5.825 GHz), DSRC (5.50-5.925 GHz) and X band frequencies (uplink-downlink) and the ITU-T band. The far field radiation characteristics of the proposed antenna are further investigated. The radiation characteristics are measured in anechoic chamber using a standard double ridged horn antenna (used as reference antenna; Model No: 3115) and antenna measurement system (Turning table, 40 GHz Anritsu RF Source Generator, 40 GHz Anritsu Spectrum Analyzer, connecting cable, L-connectors and radiation pattern plotting software installed on a PC*). Figure 8 shows the radiation patterns at the sampling frequencies of 3.1, 5.5 and 8.5 GHz. Omnidirectional radiation pattern along H-plane and nearly directional radiation pattern along the E-plane can be observed at the sampling frequencies. Figure 7 shows the simulated gain and efficiency of the proposed antenna. The simulated gain varies from 2.5 dBi to peak gain of 4.5 dBi over the operational frequency band. The average radiation efficiency of the proposed antenna over the operational frequency band is about 99%. 
CONCLUSIONS
A systematic design approach for design and analysis of planar UWB antenna for wireless USB dongle application is investigated. The Theory of Characteristic Modes (TCM) was used to identify and get the physical insights of the different radiating modes within the simple planar monopole antenna. The modal solution suggested that the dominant vertical current mode upon resonance stored inductive energy while the separation gap between patch and system round plane was electrically small so that the fields generated by horizontal current mode remain confined within the antenna which resulted in poor radiation characteristics for the simple planar monopole. The desired radiation characteristics and impedance bandwidth have been obtained by using a bevel-slot transition feed in the proposed antenna.
The bevel angle in the feed allows the upper and lower limit of the bandwidth to be modified by changing the angle of cut while slot in feed increases the current path along the perimeter which improves impedance matching over the upper edge frequencies. The simple and compact geometrical configuration with excellent wide impedance bandwidth makes the proposed antenna a suitable candidate for wireless USB dongle applications.
